INTRODUCTION
The strontium isotope composition of formation waters provides a natural tracer for subsurface fluid studies. The 87 Sr/ 86 Sr ratio of a water sample collected at the wellhead is representative of the subsurface fluid, despite production-induced changes in temperature, pressure, or phase that can impact the elemental and/or the stable isotope composition. Numerous studies have applied strontium isotopes to evaluate regional fluid flow and interpret the evolution of fresh and saline groundwaters (e.g., Sunwall and Pushkar, 1979; Starinsky et al., 1983; Stueber et al., 1984 Stueber et al., , 1987 Posey et al., 1985; Chaudhuri et al., 1987; McNutt et al., 1987 McNutt et al., , 1990 Notsu et al., 1988; Smalley et al., 1988; Banner et al., 1989; Nakano et al., 1989; Connolly et al., 1990; Chaudhuri and Clauer, 1993; Oetting et al., 1996) . For the Permian basin of southeast New Mexico and west Texas, Stueber et al. (1998) present the most comprehensive published data set of formation water analyses that include Sr isotopes. The focus of their study (and previous investigations by Dutton, 1989; Bein and Dutton, 1993) was to constrain the origin of the formation waters and to interpret regional-scale hydrogeochemical processes. Small-scale compositional heterogeneities among different wells producing from the same field were attributed to variable mixing of meteoric water with connate evaporative brines (Stueber et al., 1998) . The spatial distribution of geochemical and isotopic data was not evaluated to determine whether compositional trends exist that may define reservoir regions that are more isolated from meteoric water incursion and other regions that have been more thoroughly invaded by meteoric water. Consequently, the use of Sr isotopes and formation water compositional data to evaluate finer scale subsurface fluid-flow issues, such as reservoir compartmentalization, hydraulic connectivity, and intrareservoir fluid-flow regimes, has not been adequately investigated. Chaudhuri (1978) , finding similar 87 Sr/
86
Sr ratios from three wells producing from the same reservoir, first proposed that strontium isotopes could be used to assess hydraulic continuity. Subsequent studies using Sr isotopes have focused on identifying permeability barriers between vertically stacked reservoirs. Russell et al. (1988) reported distinctive 87 Sr/ 86 Sr ratios in waters produced from different formations, implying that the formations are hydraulically segregated. Permeability barriers between vertically stacked compartments in North Sea reservoirs were interpreted from vertical trends in the 87 Sr/ 86 Sr composition of salts leached from core (Smalley et al., 1992; Smalley and England, 1994; Bigno et al., 1997) .
In contrast, the variability of formation water 87 Sr/
Sr compositions among multiple wells producing from the same reservoir has not been previously characterized. Reservoirs with relatively uniform formation water 87 Sr/ 86 Sr compositions are likely to be well mixed and homogeneous; abrupt discontinuities in the 87 Sr ratios reflect subsurface fluid flow or displacement, dispersion, and mixing of different fluids. Consequently, the strontium isotopic composition of formation waters may be useful to predict reservoir behavior, especially in immature fields where pressure and production data are scarce and the impact of static reservoir properties (e.g., reservoir quality and structure) on reservoir performance is poorly understood. In mature fields, Sr isotopes can serve as a tracer to monitor wastewater injection and waterflood recovery, if the injected water has a different Sr content and 87 Sr/ 86 Sr ratio than the in-situ formation water (Smalley et al., 1988) , because mixing relationships for two-component systems are well defined (Faure, 1977) . Strontium isotopes thus provide a potential tracer for both static (fluid flow on geological timescale) and dynamic (fluid flow on production timescale) reservoir characterization in conjunction with conventional studies using seismic, log, core, well test, and production data. The major objective of this study was to characterize the spatial distribution of formation water 87 Sr/ 86 Sr compositions to assess the potential use of strontium isotopes as a tracer to evaluate hydraulic connectivity, intrareservoir fluid flow, and reservoir heterogeneity. This report presents data for the elemental, stable isotope, and strontium isotope composition of formation waters collected from 71 wells producing from an active oil and gas field in southeastern New Mexico. Another goal was to use the geochemical and isotopic data to constrain the origin and chemical evolution of the formation waters and to interpret fluid-flow regimes in the context of the regional Permian basin aquifer system.
The Indian Basin and Dagger Draw fields of southeastern New Mexico (Figure 1 ), produce oil and gas from upper Pennsylvanian platform margin carbonates. This 125-mi 2 (325-km 2 ) area was targeted for investigation because of the large volumes of produced water and because the reservoirs are still on primary recovery and are not contaminated by injected water. The gas reservoir in Indian Basin was discovered in 1963 (Frenzel and Sharp, 1975) and has produced more than 1.2 tcf of gas and 7.5 million bbl of condensate (Frenzel, 1988; Speer, 1993; Mazzullo, 1998) . Oil and gas reservoirs in Dagger Draw North and Dagger Draw South were discovered in 1964 and 1971 (Broadhead, 1999a) . Because of the large volumes of produced water and the low porosity (< 7%) determined from conventional porosity logs (Speer, 1993) , Dagger Draw remained underdeveloped until the late 1980s and 1990s (Broadhead, 1999a, b) . Dagger Draw Figure 15 .
has produced more than 55 million bbl of oil (Broadhead, 1999c) . The Indian Basin and Dagger Draw fields are part of a single, large reservoir complex, with a gas cap in the updip southern and western region, which passes downdip into oil in central and eastern Dagger Draw. In 1995, a pilot line-drive waterflood project, consisting of four injector wells, was initiated in the Dagger Draw field, and production surveillance and geochemical monitoring of injected water and produced water in adjacent wells indicate no breakthrough at the time of this study.
GEOLOGICAL SETTING
The Indian Basin and Dagger Draw field complex of Eddy County, southeastern New Mexico (Figure 1 ) produces oil and gas from upper Pennsylvanian carbonates ( Figure 2 ) on the east-dipping flank of the Huapache monocline (Figures 1, 3 ). The field operators (Conoco, Chevron, Marathon, and Yates Petroleum Company) report that the southwest limit of the reservoir complex is bounded by a normal fault, perhaps a splay from the Huapache fault. The strata on the downthrown eastern wall of the Huapache fault display vertical displacement of up to 4000 -6000 ft (1220 -1830 m); abrupt thickening of Pennsylvanian strata on the downthrown eastern block indicates that the fault may be as old as the Pennsylvanian (Hayes, 1964) . Permian to Tertiary strata on the Huapache monocline exhibit a regional eastward dip that developed in response to regional uplift, indicating that the fault was reactivated in the Tertiary, as suggested by Hayes (1964) . The reservoirs in Indian Basin and Dagger Draw fields comprise three sequences (informally named, in ascending stratigraphic order), the 2nd Canyon, 1st Canyon, and Cisco (Figure 4) , recognized from biostratigraphy and by stratigraphic relationships interpreted from core, log, and seismic data (K. Miller, 1994, personal communication; Cox et al., 1998) . Reservoirs occur in shelf margin algal mound complexes and associated skeletal grainstones and packstones; these grain-rich facies grade landward (and up structural dip) Figure 2 . General stratigraphic column for Pennsylvanian and younger strata in the Permian basin region on the northwest shelf (Guadalupe Mountains region) and in the Delaware basin. Formation water samples were collected from upper Pennsylvanian Canyon and Cisco intervals (highlighted).
into lime mud-rich, restricted platform facies and pass basinward and are interbedded with shales and shaly lime mudstones (Cox et al., 1998) . The reservoir trap is primarily formed by facies changes from porous shelf margin facies to structurally updip tight lime mud-rich interior platform facies.
Core studies indicate that sequences are composed of multiple depositional cycles defined by 5-30-ft (1.5 -10-m)-thick, upward-shoaling facies successions ( Figure 5 ). Cycle bases consist of argillaceous mudstone to skeletal wackestone, which shoal upward into crinoidal and fusulinid packstone facies, and are capped by algal boundstone and high-energy skeletal grainstone. Because cycle bases commonly are argillaceous rich, major cycles can be identified and correlated using gamma-ray logs (Cox et al., 1998 ; this study). Figure 1 . Subsea depth in feet, contour interval 100 ft (30 m). Field limit (dashed) is the extent of the dolomitized shelf margin facies from Yates Petroleum Company (unpublished data, 1994) and Frenzel (1988) . Fault location from Marathon Oil Company (unpublished data, 1994) . Asterisks are gas wells, dots are oil wells, and triangles are pilot injector wells at time of study. Figure 4 . Dip-oriented stratigraphic cross section, datum on top Cisco, location shown in Figure 3 . Producing carbonate reservoirs are in three progradational sequences, in ascending stratigraphic order, informally termed the 2nd Canyon, 1st Canyon, and Cisco (Cox et al., 1998) . Each carbonate sequence grades basinward into shale and is overlain by transgressive shale that thins onto the platform.
Although depositional facies exert the primary control on porosity and permeability in Indian Basin and Dagger Draw fields, hydrocarbon production is confined to the dolomitized shelf margin, where late dolomitization and associated dissolution and fracturing generated the intercrystalline and vuggy porosity and high permeability essential for reservoir development (Cox et al., 1998 ; this study). Although Figure 5 . Typical styles of facies stacking and wire-linelog response in upper Pennsylvanian reservoir section, Saguaro ''AGS'' Fed. Com. 8 (see Figure 3 for well location).
conventional log porosity is low (< 7%), high well production rates are associated with wells completed in zones with vuggy porosity (Speer, 1993; Hurley et al., 1998) . Vuggy dissolution and fracturing ( Figure 6 ) was followed by precipitation of saddle dolomite cement and subsequent anhydrite.
Hydrocarbon trapping is influenced by the strong, eastward-directed hydrodynamic drive (Frenzel and Sharp, 1975; Frenzel, 1988; Speer, 1993) . Water influx is attributed to the Huapache fault and Huapache monocline (Speer, 1993) . The potentiometric gradient determined from drillstem tests indicates that the formation water flows from west to east (Frenzel and Sharp, 1975) . This dynamic water drive tilted and displaced the gas-oil-water contacts downdip to the east and northeast; consequently, the updip western and southern portions of the field produce gas and water, whereas the downdip regions produce oil and water (Frenzel and Sharp, 1975; Frenzel, 1988; Speer, 1993) .
METHODS
The chemical and isotopic data are from formation water samples collected from 71 wells in the Indian Basin and Dagger Draw fields of Eddy County, New Mexico between July 1994 and August 1996 (Table 1) . To minimize contamination from drilling or completion fluids, samples were collected from oil and gas wells that had been actively producing for at least the past 6 months. Wells with recent workovers or chemical treatment were not sampled. During the first two sample trips, none of the reservoirs had been subjected to waterflooding or wastewater injection. A limited pilot waterflood program was initiated in part of the field in 1995. The injection waters and the produced waters from the offset wells were sampled during early waterflood, but no impact was detected on either the composition of the produced fluids or the production history at the time.
Samples were collected at the oil or gas wellhead, except for several gas wells that were sampled at the separator. Raw production fluids were collected in a collapsible 1-gal (3.8-L) LDPE container and allowed to rest for a few minutes to achieve gravity separation of water and hydrocarbons. Gravity-separated formation water was drained from the LDPE container into a glass wool-packed funnel for raw water and stable isotope aliquot collection. A 40-mL aliquot treated with 3 mL of 5% cadmium acetate solution was collected for analysis of dissolved inorganic carbon. The subsamples for anion, cation, and Sr isotopes were filtered with acid-cleaned, 0.45-mm polypropylene membrane filters. A 250-mL aliquot was collected for anion analysis, a 120-mL aliquot for cation analysis was acidified with 500 mL of 6N reagent-grade HNO 3 , and a 60-mL aliquot for Sr isotope analysis was acidified with 60 mL of concentrated Seastar ultrapure HNO 3 .
The elemental concentrations in the water samples were analyzed at the Mineral Studies Laboratory of the Bureau of Economic Geology, University of Texas at Austin and by Quanterra Inc. Environmental Services in Austin, Texas. Cations (Na, Ca, K, Mg, and Sr) were analyzed using inductively coupled plasmaatomic emission spectrometry. Cl and Br were determined by ion chromatography, SO 4 was determined by turbidimetric spectrophotometry, and dissolved inorganic carbon was determined using the coulometric carbon analyzer. Of the 76 total samples, the majority (74 samples) have a charge imbalance of less than + 0.07. Two samples have a charge imbalance of + 0.10. The excess positive charge reflects problems in determining bicarbonate and sulfide (degassing and reequilibration of the samples to the atmosphere), the assumption that all dissolved inorganic carbon occurs as HCO 3 À instead of CO 3 2 À , and the probable presence of organic acid anions. Oxygen and hydrogen isotopic measurements of water samples were conducted at the Division of Marine Geology and Geophysics at the University of Miami under the direction of P. K. Swart. These data are reported in conventional notation (x ) relative to Vienna standard marine ocean water (V-SMOW). Replicate analyses of an internal laboratory standard yield a precision of ± 0.08xfor d 18 O and ± 1.5x
for dD. Analytical methods are reported by Swart and Price (2002) . Oxygen and carbon isotope measurements of calcite and dolomite samples were determined at the same laboratory and are expressed relative to the Peedee belemnite. The precision calculated from replicate analysis of an internal laboratory standard is ± 0.03xfor d 18 O and ± 0.02xfor d
13
C. Analytical methods for the carbonate stable isotope samples are outlined by Leder et al. (1996) and Swart et al. (1996) .
The procedure for 87 Sr/ 86 Sr analyses follows that of Oetting (1995) Four sample duplicates yielded 2s mean of ±0.000013. Total procedural strontium blanks were less than 2.1 mg/L.
Mineral saturation with common evaporite minerals (gypsum, anhydrite, celestite, halite, and sylvite) was computed using SOLMINEQ.88 (Kharaka et al., 1988) . For each well, the formation temperature was extrapolated from measured bottomhole temperatures.
RESULTS

Isotopic Composition of Host Rocks
The isotopic data for limestone, replacement dolomite, dolomite cement, and anhydrite cement are presented in Table 2 . The d (Popp et al., 1986a; Lohmann and Walker, 1989) . Replacement dolomite and dolomite cement consist of saddle dolomite, which reflects elevated diagenetic temperatures (Gregg and Sibley, 1984 (Burke et al., 1982; Popp et al., 1986b; Denison et al., 1994) Sr ratios for the replacement dolomite, dolomite cement, and anhydrite display some variation, they cluster around marine 87 Sr/ 86 Sr ratios, indicating that the strontium isotopic composition of the diagenetic waters was buffered by the host carbonate. The present-day formation waters have high 87 Sr/ 86 Sr ratios relative to the limestone, dolomite, and anhydrite, indicating that they are not in equilibrium with the host rock.
Formation Water Salinity
Formation waters from Indian Basin and Dagger Draw fields (Table 3 ) contain 2800 to nearly 50,000 mg/L total dissolved solids and are classified as brackish to saline waters (e.g., Davis and DeWiest, 1966) . (One gas well, well 8, yielded an anomalously low salinity of 666 mg/L; perhaps the water sample had condensed from a vapor phase as the gas was released into the atmosphere during sampling. Data from this well are not included in Figures 9 -14 .) The formation waters are Na-Cl-SO 4 -type waters (e.g., Kharaka et al., 1985) , NaCl accounts for 40-90% of the total dissolved solids (Figure 9a ), and the Na/Cl molar ratio approaches 1:1 at higher salinities ( Figure 9b ). Although the waters are undersaturated with respect to halite, there is a welldefined relationship between the NaCl saturation index and the Na + concentration (Figure 10a ), suggesting that the Na + content is governed by halite dissolution. A similar relationship exists between the KCl saturation index and the K + concentration, suggesting that the K + content is governed by the dissolution of sylvite or other potassium-rich evaporite minerals. Most of the formation waters are near saturation with respect to anhydrite and gypsum, which constitute the primary source for Ca 2 + and SO 4 2 À .
Formation Water Br and Cl
The bromine content (Rittenhouse, 1967) and Br/Cl ratios of formation waters (e.g., Carpenter et al., 1974; Carpenter, 1978; Banner et al., 1989) can be used to distinguish between saline waters derived from seawater (i.e., seawater, evaporated seawater or seawater diluted by meteoric water) and saline waters derived from halite dissolution. Because bromine is a conservative element during seawater evaporation and is not readily incorporated into halite, formation waters with depleted Br/Cl ratios record halite dissolution (Carpenter, 1978) . The low Br/Cl ratios for most of the formation waters in the Indian Basin and Dagger Draw reservoir complex (Figure 10b ), imply that the salinities were acquired by halite dissolution. may reflect further dilution of the halite-derived solutes by meteoric waters (e.g., Land and Prezbindowski, 1981) .
Formation Water Stable Isotopes
The dD and d 18 O values of the formation waters (Table 3 , Figure 11 ) cluster along the global meteoric water line of Craig (1961) . The data are within ± 8x in dD and ± 1xd 18 O relative to the meteoric water line, within the statistical limits of the line and data. This indicates that the brackish to saline formation waters are of meteoric origin. The dD and d
18
O compositions coincide with values reported for precipitation, surface water, and shallow groundwater samples in southeastern New Mexico (Hoy and Gross, 1982) and with dD and d
O data for groundwater in deeper confined aquifers of eastern New Mexico and west Texas (Dutton, 1995) . Using the oxygen isotope fractionation factors for calcite-water (10 Friedman and O'Neil (1977) indicates that the formation waters have not isotopically equilibrated with the host dolomite or calcite at reservoir temperatures (50 -60jC).
Formation Water Strontium Isotopes
Late Pennsylvanian seawater 87 Sr/ 86 Sr values are approximately 0.7082-0.7083 (Burke et al., 1982; Popp et al., 1986b; Denison et al., 1994) Sr relative to the host rocks: marine limestone, replacement dolomite, dolomite cement, and anhydrite cement (Figure 8 ). The data (Figure 12a ) do not define a clear mixing trend between two components with different Sr contents and Figure 8 . 87 87 Sr/ 86 Sr ratios (e.g., Faure, 1977) . Nor do the data display a well-defined relationship with depth (Figure 12b ), except that the most radiogenic and most highly variable Sr isotopic ratios are from shallower depths, and the least radiogenic waters are from greater depths.
No relationship was discerned between the 87 Sr/ 86 Sr 67 Table 3 . Figure 9 . (a) Crossplot of formation water total dissolved solids vs. percent of total dissolved solids contributed by halite dissolution; the most saline waters contain the highest proportion of dissolved NaCl. (b) Crossplot of formation water total dissolved solids vs. Na/Cl molar ratio. As salinity increases, the Na/Cl molar ratio approaches unity, indicating that the high-salinity waters derived most of their solutes from halite dissolution.
composition of the formation water and the stratigraphic interval from which it was produced. The 87 Sr/ 86 Sr ratios of the formation waters display a well-defined, west-to-east gradient across the field complex (Figure 13 Figure 10. (a) Crossplot of formation water Na concentration vs. NaCl saturation index computed at formation temperature using SOLMINEQ.88. The welldefined relationship indicates that the solute composition is governed by halite dissolution. (b) Crossplot of formation water Br and Cl concentrations. The Br/Cl ratio for seawater evaporation trend to past halite precipitation from Zherebtsova and Volkova (1966) , Collins (1969) , Herrmann and Knake (1973) , and Carpenter (1978) . Dilution of seawater by meteoric water or evaporative concentration of seawater to the point of halite precipitation does not change the Br/Cl ratios. Most formation waters in the Indian Basin and Dagger Draw reservoir complex have low Br/Cl ratios, indicating dissolution of halite by meteoric water.
INTERPRETATION
Origin of Brackish to Saline Formation Waters
The trends defined by the total dissolved solids vs. the percent total dissolved solids contributed by NaCl (Figure 9a ), the total dissolved solids vs. the Na/Cl molar ratios (Figure 9b ), the NaCl saturation trend (Figure 10a) , and the Br/Cl ratios (Figure 10b ) confirm that the bulk of the solutes in the formation waters were derived from the dissolution of halite and associated evaporite minerals. The d 18 O compositions are diagnostic of meteoric freshwater (Figure 11 ) that has not significantly interacted diagenetically with the d
18
O-rich carbonate host rocks or with overlying carbonate and siliciclastic strata. In the Permian basin, bedded halite is confined to Upper Permian (Guadalupian and Ochoan) evaporites. Consequently, the brackish to saline formation waters in Indian Basin and Dagger Draw fields record influx of meteoric waters that acquired their salinity from evaporite dissolution.
The Pennsylvanian strata in the Indian Basin and Dagger Draw reservoir complex comprise the updip limit of the deep-basin aquifer system of Bassett and Bentley (1982) and Bein and Dutton (1993) . Tectonic uplift and tilting in eastern New Mexico during the past 5 -15 m.y. established a steep, eastward-dipping hydraulic gradient and a regional confined aquifer that extends downdip into the basin center (Senger et al., 1987; Senger, 1991) . Meteoric waters acquired their salinity as they entered the aquifer system by dissolution of halite along the upturned western flank of the basin margin (Fisher and Kreitler, 1987; Dutton, 1989) . These meteoric waters descended below the halite dissolution zone and flowed laterally in the eastwarddipping strata, following the regional hydraulic gradient, and mixing with and displacing the more saline, connate evaporative brines in the basin center (Dutton, 1989; Bein and Dutton, 1993) . In Pennsylvanian strata, the influx of meteoric waters is limited to the westernmost updip portion of this deep confined aquifer system (Bein and Dutton, 1993) . Consequently, undisplaced connate evaporative brines in Pennsylvanian strata of the basin center are more saline (total dissolved solids = 70,000-215,000 mg/L; Stueber et al. 1998) than the meteoric-dominated waters (total dissolved solids = 2800-50,000 mg/L) in the Indian Basin and Dagger Draw reservoir complex, on the updip western limit of this regional aquifer system.
Our interpretation of west-to-east fluid flow based on the compositional and isotopic data for the Indian Basin and Dagger Draw formation fluids is thus consistent with regional fluid flow in the Permian basin confined aquifer system described by other workers (Fisher and Kreitler, 1987; Senger et al., 1987; Senger, 1991; Bein and Dutton, 1993) . Although reservoir pressure data from Indian Basin and Dagger Draw fields are limited, the reservoir complex has a strong water Figure 11 . Crossplot of the dD and d 18 O of formation water samples, meteoric water line from Craig (1961) . The data cluster around the meteoric water line, indicating that they are derived from meteoric precipitation and have not interacted extensively with 18 O-rich carbonate or siliciclastic minerals in the host rocks or in overlying strata.
drive with a west-to-east downdip flow direction (Frenzel and Sharp, 1975) . Regional formation water salinity trends for Pennsylvanian strata are poorly constrained in southeastern New Mexico. Salinity maps (McNeal, 1965; Bein and Dutton, 1993) contain no data from Eddy County, although both show a general west-toeast increase in salinity toward the basin center. For Indian Basin and Dagger Draw fields, this regional trend is reversed, with the most saline waters occurring at the updip southern and western portions of the field complex. Bein and Dutton (1993) , however, acknowledge that finer scale formation water compositional gradients are likely to be more complex than is implied by their regional model. (Figure 8 ).
Various workers (e.g., Stueber et al., 1984; 1987; 1998; Chaudhuri et al., 1987; Fisher and Kreitler, 1987 ; Figure 12 . Burke et al. (1982) , Popp et al. (1986b) , and Denison et al. (1994) . Strontium content of late Pennsylvanian seawater, 8 ± 2 mg/L, is based on modern seawater (8 mg/L). Gray rectangles indicate representative compositions of late Pennsylvanian seawater, least radiogenic brines, and most radiogenic brines used to illustrate mixing model in Figure 14b. Russell et al., 1988; Connolly et al., 1990; Chaudhuri and Clauer, 1993) have attributed enrichment in formation water 87 Sr to water-rock interactions with Rb-rich micas and clays and 87 Sr-rich K-feldspar in siliciclastic sediments at elevated diagenetic temperatures. It is well documented that water-rock interaction with siliciclastic and/or carbonate sediments will concomitantly increase the d
O composition of the formation water (Clayton et al., 1966; Hitchon and Friedman, 1969; Kharaka et al., 1973 Kharaka et al., , 1985 Land, 1980) , moving it to the right of the meteoric water line. The dD and d
18 O composition of formation waters in Indian Basin and Dagger Draw fields coincide with meteoric values (Figure 11 ), indicating limited water-rock interaction Sr ratios as formation water Na/Cl molar ratios approach 1:1 (i.e., as the solutes increasingly are dominated by halite dissolution; Figure 14a ). There is an analogous trend of lower 87 Sr/
86
Sr ratios with less variability with decreasing concentrations of total dissolved solids. These geochemical and isotopic trends imply that the source of radiogenic 87 Sr is the same halite and evaporites implicated as the source for the dissolved solids. Because halite beds in the Permian basin occur only in Upper Permian (Guadalupian and Ochoan) strata, derivation of 87 Sr from stratigraphically higher evaporites is consistent with the trend of higher 87 Sr/ 86 Sr ratios at shallower depths at the updip southern and western portions of the reservoir complex (Figures 12b, 13) . The Sr isotopic composition of Guadalupian-to Ochoan-age anhydrite and gypsum samples is 0.7069-0.7076 (Hovorka et al., 1993; Denison et al., 1998; Kirkland et al., 2000) , normalized relative to NBS 987 = 0.710255. As expected, these 87 Sr/ 86 Sr values are consistent with Late Permian seawater, which ranged from 0.7067 to 0.7074 (Burke et al., 1982; Popp et al., 1986b; Denison et al., 1994) , again normalized relative to NBS 987 = 0.710255. Consequently, the radiogenic 87 Sr in the Indian Basin and Dagger Draw formation waters must have come from evaporite minerals other than anhydrite or gypsum. Naturally occurring
87
Rb decays to produce radiogenic 87 Sr with a half-life of 5.0 Â 10 10 yr (Faure, 1977) .
Because rubidium belongs to group IA, which includes sodium and potassium, and because the ionic radius of rubidium (1.48 Å ) is similar to that of potassium (1.33 Å ), rubidium readily substitutes for potassium in potassium-bearing evaporite minerals (Faure, 1977) . Extensive, economically important deposits of potash (highly soluble potassium salts) occur in the McNutt Member of the Salado Formation in the Permian basin region (Figure 1 ). Driven by economic and scientific interests, these potash deposits have been the target of numerous investigations (Schaller and Henderson, 1932; Jones, 1954 Jones, , 1972 Adams, 1969; Austin, 1980; Harville and Fritz, 1986; Lowenstein, 1988; Lambert, 1992; Barker and Austin, 1999) . The McNutt potash zone ranges in thickness from 125 ft (40 m) in the western margin of the Delaware basin to more than 500 ft (150 m) in the basin center (Jones, 1972) . To the west, deposits of soluble potassium minerals have been removed by groundwater solution (Austin, 1980; Griswold, 1982) . The Salado Formation originally extended onto the northwestern shelf of the Delaware basin but has been eroded to the axis of the Pecos River Valley by dissolution (Gustavson and Finley, 1985) . 87 Sr/ 86 Sr ratios increase as the Na/Cl molar ratio approaches 1:1 (i.e., salinity increasingly dominated by halite dissolution). This trend implies that the source of the solutes also is the source of radiogenic 87 Sr. (b) Crossplot of 1/Sr vs. 87 Sr/ 86 Sr. Representative values for late Pennsylvanian seawater, least radiogenic present-day formation waters, and most radiogenic present-day formation waters form a hypothetical mixing line. The Sr composition of the source is defined by this line, extrapolated to higher Potash ore zones contain up to 100% potassium minerals, chiefly sylvite (KCl), carnallite (KMgCl 3 Á 6H 2 O), polyhalite (K 2 Ca 2 Mg(SO 4 ) 4 Á2H 2 O), and langbeinite (K 2 SO 4 Á2MgSO 4 ) (Schaller and Henderson, 1932; Jones, 1954; Adams, 1969; Austin, 1980; Harville and Fritz, 1986) . These highly soluble minerals contain up to 70 ppm Rb and have 87 Rb/ 86 Sr ratios as high as 330 (Tremba, 1973; Register and Brookins, 1980; Brookins et al., 1985) . The high 87 Sr/ 86 Sr ratios (up to 0.7723 and higher) indicate that these thick deposits of Rb-rich potassium minerals are a potential source of radiogenic 87 Sr. To evaluate the viability of an evaporite source for 87 Sr, strontium in two-component mixtures was modeled using principles outlined by Faure (1977) . A mixing line (Figure 14b , Tremba, 1973; Register and Brookins, 1980) . The average Sr contents of halite-rich Salado evaporite samples (> 60% halite) is 73 ppm (Register and Brookins, 1980) to 165 ppm (Tremba, 1973) ; dissolution of 0.3 mol halite in 1 L water would yield 17,500 mg/L total dissolved solids with 22-50 mg/L Sr, comparable to the more saline water samples ( (Figure 12a) , perhaps reflecting the highly variable Sr contents and 87 Sr/ 86 Sr ratios of the evaporite mineral source (Tremba, 1973; Register and Brookins, 1980 Figure 14b ). The Ochoan is approximately 2.5 m.y. in duration (Harland et al., 1989) , so it is reasonable to infer that the descending evaporative brines acquired their elevated Rb in potassium-bearing minerals that were recrystallized and/or dissolved during early diagenesis and stabilization.
We propose that the formation waters in the Indian Basin and Dagger Draw reservoir complex acquired the bulk of their salinity through dissolution of halite and associated evaporite minerals, which also were the source of radiogenic 87 Sr. Meteoric dissolution of halite in the updip reaches of the Permian basin aquifer system is well documented (Fisher and Kreitler, 1987; Dutton, 1989; Bein and Dutton, 1993) . Formation waters beneath halite dissolution zones are variably radiogenic (0.7073 -0.7100) relative to Late Permian seawater (A. Dutton, 1987 , personal communication; figure 6 of Bein and Dutton, 1993 Sr compositional gradient in the Indian Basin and Dagger Draw (Figure 13 ) reflects the influx of evaporite-derived, radiogenic 87 Sr along the updip limit of the reservoir complex. The salinity trend of the formation waters is consistent with this interpretation. The highest salinities (up to 50,000 mg/L total dissolved solids) occur in the updip and southern and western portions of the field complex, and salinities decrease downdip toward the east (to 2800-5000 mg/L total dissolved solids).
Perhaps an analogous distribution in formation water 87 Sr/ 86 Sr compositions is reported for the Palo Duro basin 1987) . Formation waters from two wells in the updip, western portions of the aquifer acquired their salinity from meteoric dissolution of halite; these waters are enriched in radiogenic 87 Sr relative to Permian seawater. Water samples from two wells in the downdip basin center are only slightly enriched in 87 Sr/
86
Sr relative to marine values (Fisher and Kreitler, 1987 Sr ratios by influx of radiogenic Sr from Rb-rich evaporite minerals associated with halite.
DISCUSSION
Regional to Local Fluid Flow
Formation water compositional and isotopic trends indicate that they originated from meteoric waters that recharged outcrops and shallow aquifers and acquired their salinity by dissolution of formerly overlying Upper Permian evaporites that are presently eroded to the axis of the Pecos River Valley. Deeply penetrating faults such as the Huapache fault (Hayes, 1964; Meyer, 1966) and associated splays (e.g., the normal fault bounding the southwest field limits; Figure 3 ) may have provided permeable conduits for the meteoric cross-formational flow to deeply buried Pennsylvanian strata (Figure 15 ). Incursion of meteoric water into Pennsylvanian rocks is limited to the westernmost portion of the deepbasin aquifer system (Bein and Dutton, 1993) because of the low permeability and considerable depth and because Pennsylvanian rocks are not exposed to direct meteoric recharge in the Guadalupe Mountains region. The nearest Pennsylvanian outcrops lie approximately 100 mi (160 km) to the west, in the Sacramento and Hueco Mountains, where Pennsylvanian strata dip west into the Orogrande basin.
Downdip of the Indian Basin and Dagger Draw reservoir complex, formation waters in Pennsylvanian strata become increasingly more saline (McNeal, 1965; Bein and Dutton, 1993) . Based on dD, d
18 O, Na, Cl, and Br data, the brines are interpreted to be evaporatively concentrated Late Permian seawater (Dutton, 1987) that is being displaced by the influx of younger meteoric water following the regional hydraulic gradient that developed in response to topographic uplift during the past 5 -15 m.y. (Dutton, 1987; Senger et al., 1987; Senger, 1991; Bein and Dutton, 1993) . On the Central Basin platform, approximately 100 mi (160 km) to the east, formation waters in Wolfcampian and Pennsylvanian reservoirs are a mixture of evaporatively concentrated Late Permian seawater and younger meteoric water (Stueber et al., 1998) . Apparently, these meteoric waters were transported via overlying, more permeable aquifers before descending to the Wolfcampian and Pennsylvanian strata (Stueber et al., 1998) ; alternatively, they may reflect leakage of shallow groundwater across confining Late Permian evaporites (Kreitler et al., 1985) .
We interpret the formation water 87 Sr/
86
Sr trends in Indian Basin and Dagger Draw fields to reflect westto-east downdip flow, consistent with the west-to-east water drive indicated by the reservoir pressure data (Frenzel and Sharp, 1975) , high water production, and displaced gas-oil-water contacts. Indian Basin and Dagger Draw represent the updip limits of the regional deepbasin aquifer system (Bassett and Bentley, 1982; Senger et al., 1987; Senger, 1991; Bein and Dutton, 1993 Sr composition of the in-situ fluids that have been incompletely flushed by the younger meteoric waters. Numerical modeling of the Permian basin aquifer system demonstrates that the solute distribution responds more slowly to changes in hydraulic potential than fluid pressures, especially in the deep confined aquifer (Senger, 1991) . Consequently, in the Pennsylvanian strata, there has been insufficient time since topographic uplift in the past 5 -15 m.y. for meteoric water to completely displace and flush the connate fluids (Dutton, 1987; Bein and Dutton, 1993) .
The Sr isotopic trends in the Indian Basin and Dagger Draw reservoir complex record the initial influx of postuplift meteoric waters that derived their solutes from previously overlying Upper Permian evaporites. The compositional gradients of this paleoaquifer system reflect displacement and mixture of the in-situ formation fluids with younger meteoric waters of variable enriched 87 Sr/
Sr compositions. This hydrogeochemical characterization of the Indian Basin and Dagger Draw reservoir complex constitutes a basis for evaluating future compositional perturbations associated with hydrocarbon production and waterflooding.
Implications of Formation Water Composition for Reservoir Characterization
Reservoir Connectivity and Fluid Flow The paucity of reliable reservoir pressure data represents one of the major reasons for failing to predict reservoir behavior (Slider, 1983) , especially for immature fields where pressure and production data are scarce. Although initial reservoir pressures can be determined from drillstem tests, these tests are not routinely run, and they commonly were not appropriately designed and implemented; moreover, the shut-in pressure must be extrapolated to obtain reservoir pressure. Consequently, pressure data commonly are sparse and have too much inherent error to quantitatively determine pressure gradients, reservoir continuity, and fluid flow. The actual reservoir behavior commonly becomes Sr ratios from the dissolution of previously overlying Late Permian (Ochoan) Salado Formation evaporites, now eroded to the axis of the Pecos River Valley. These meteoric waters descended via crossformational flow, possibly along the Huapache fault, to deeply buried Pennsylvanian strata; interpreted flow direction pathway is shown by the arrow. apparent only after the field is on production, resulting in unanticipated costs associated with additional wells and inadequate surface facilities. The formation water composition provides a relatively inexpensive tool to interpret hydraulic communication among different zones or different regions of the reservoir and subsurface fluid flow.
Strontium isotopes are especially appropriate for formation water characterization because the Sr isotopic composition of a water sample collected at the well head is known to be identical to that of the subsurface fluid. The 87 Sr/ 86 Sr formation water compositional gradient in the Indian Basin and Dagger Draw reservoir complex is consistent with the strong water drive and west-to-east flow of meteoric-charged waters from the topographically elevated Guadalupe Mountains downdip into the Delaware basin. The hydrodynamic influence of meteoric water influx created developmental challenges in Indian Basin and Dagger Draw fields, including the high produced volumes of water and the structurally displaced and tilted gas-oilwater contacts.
Diagenetic Studies
Because diagenesis is a key factor in the porosity of carbonate rocks, understanding the diagenetic processes, timing, and distribution is essential to predicting the distribution of reservoir quality. Trace elements, stable isotopes, and Sr isotopes have been used by many workers to evaluate the origin and paragenesis of replacement dolomite and carbonate cements. The spatial variation in the 87 Sr/ 86 Sr composition of the presentday formation waters in the Indian Basin and Dagger Draw reservoir complex implies that coeval diagenetic minerals would have different 87 Sr/ 86 Sr ratios, depending on their location. This leads to the concept of diagenetic facies for late burial fluids, analogous to those based on interpretations of the Mn and Fe contents of early meteoric calcite cements (e.g., Barnaby and Rimstidt, 1989 Sr ratios, they are a prolific source of radiogenic 87 Sr for the saline waters derived from evaporite dissolution. These meteoric-derived saline waters descended, perhaps along deeply penetrating faults, driven by topographic relief and by the density of the dissolved salts, to reservoir depths of more than 7000 ft (2100 m). The waters migrated into adjacent Pennsylvanian carbonate reservoirs and flowed eastward across the field complex, displacing and mixing with the in-situ formation fluids. Eastward-directed, downdip flow is consistent with the regional hydraulic gradient, the strong water drive, the high volumes of produced water, and the tilted and displaced gas-oil-water contacts.
The Sr isotopic composition of formation waters can thus yield information for characterization of static reservoir properties such as reservoir connectivity, as well as dynamic processes such as subsurface fluid flow and water saturation. Because Sr isotopes in formation waters can exhibit considerable spatial heterogeneity, diagenetic studies that use Sr isotopes to temporally correlate late diagenetic mineral phases should be viewed with caution. Last, in basins with evaporites, formation water studies that use Sr isotopes must consider evaporites as a alternative source of 87 Sr to the commonly invoked siliciclastic source.
